Forebrain g-aminobutyric acid (GaBa) interneurons have crucial roles in high-order brain function via modulating network activities and plasticity, and they are implicated in many psychiatric disorders. availability of enriched functional human forebrain GaBa interneurons, especially those from people affected by GaBa interneuron deficit disease, will be instrumental to the investigation of disease pathogenesis and development of therapeutics. We describe a protocol for directed differentiation of forebrain GaBa interneurons from human embryonic stem cells (escs) and induced pluripotent stem cells (ipscs) in a chemically defined system. In this protocol, human pscs are first induced to primitive neuroepithelial cells over 10 d, and then patterned to nKX2.1-expressing medial ganglionic eminence progenitors by simple treatment with sonic hedgehog or its agonist purmorphamine over the next 2 weeks. these progenitors generate a nearly pure population of forebrain GaBa interneurons by the sixth week. this simple and efficient protocol does not require transgenic modification or cell sorting, and it has been replicated with multiple human esc and ipsc lines.
IntroDuctIon
GABA-secreting neurons form the major inhibitory system in the brain and spinal cord. There are numerous subtypes of GABA interneurons, especially in the human cerebral neocortex, depending on their developmental origins, distribution (localization), synaptic connections, coexpression of molecular and transmitter markers, intrinsic electrophysiological properties and function in adults 1 . GABA interneurons are synaptically integrated into neural networks during development, as well as in adult life, and they thus have crucial roles in modulating network activities and plasticity. Dysfunction of GABA interneurons in the cerebral cortex is involved in diverse developmental and psychiatric disorders, from Down's syndrome to autism and schizophrenia 1, 2 .
Developmentally, GABA interneurons in the forebrain originate mostly from the medial ganglionic eminence (MGE) and, to a lesser degree, from the ventral lateral ganglionic eminence (vLGE) and the anterior dorsal ganglionic eminence 3, 4 . These GABA interneuron progenitors migrate throughout the forebrain, especially to the neocortex, by following tangential or radial pathways, and they differentiate into post-mitotic neurons and make a connection with local glutamatergic neurons 5, 6 . In primates, some GABA interneurons in the cortex are thought to originate from the cortical plate 7, 8 . Given their origin in the MGE, the vast majority of forebrain GABA interneuron progenitors express the MGE transcription factor NKX2. 1 (ref. 9) in addition to the telencephalic transcription factor FOXG1 (refs. 2,10), and they can be distinguished from other types of GABA neurons in the CNS, including the striatal GABA projection neurons, which originate in the LGE [11] [12] [13] . The MGE progenitors have the potential to differentiate into GABA interneurons and cholinergic neurons 14 , and the transcription factor LHX6 appears to bias the progenitors toward GABA interneurons 15, 16 , which allows segregation of GABA interneuron progenitors from cholinergic neuron progenitors. Forebrain GABA interneurons can be divided into many subgroups on the basis of molecular markers and their expression of neuropeptides or calcium-binding proteins, including somatostatin (SST), parvalbumin (PV), calretinin (CR), calbindin (CB) and neuropeptide Y. The MGE progenitors give rise mostly to SST and PV interneurons 1, 4 . GABA interneuron subtypes in humans mature slowly, with SST, CR and CB GABA neurons appearing earlier, followed by PV neurons 1, 17, 18 .
Functionally, GABA interneurons in the forebrain, especially in the cerebral cortex, remain the most complex neuronal type because of their different subtypes, migration patterns and functional diversities. Given that it is now possible to produce iPSCs from patients with neurological conditions, it is desirable to produce high-purity human GABA interneurons in a large scale from human ESCs or iPSCs that represent forebrain or cortical GABA interneurons to further study.
The protocol we describe here is based on our primary research paper 19 . Two further groups have also reported the generation of robust forebrain GABA interneurons from hPSCs 17, 18 . These methods require the combination of multiple small molecules and/or growth factors (SB-431542 + LSB + XAV939 + SHH + purmorphamine or SB-431542 + BMPRIA-Fc + DKK1 + purmorphamine + Y27632), which increases the experimental cost and variability. In our protocol, we generate GABA neurons by simply patterning the neuroepithelia to a near-pure population of NKX2.1-expressing MGE progenitors with a single molecule: sonic hedgehog (SHH) or a smoothened activator purmorphamine (Pur) 20, 21 . SHH is derived from the ventral part of the developing embryo, such as the notochord, and from the floor plate of the neural tube. The SHH protein diffuses dorsally, thereby affecting the morphogenesis of the developing neural tissues. MGE develops from the ventral-most part of the forebrain. Hence, MGE cells receive a high concentration of SHH. As is the case in development in vivo, we found that a high concentration of SHH is necessary to induce the expression of NKX2.1 (ref. 19 ). To reduce the cost of recombinant SHH, we have adapted the protocol to use its agonist Pur ( Table 1) . Under a commonly used, chemically defined medium (without the presence of nerve growth factor (NGF)), these MGE progenitors differentiate into GABA neurons with a purity of over 90%. The reason for omitting NGF is that MGE progenitors can generate cholinergic neurons besides GABA interneurons 19 , and the survival of cholinergic neurons is dependent on NGF 22 . Thus, the chemically defined culture system without the presence of NGF favors GABA neuron generation. This protocol does not require transgenic modification or cell sorting. It is hence useful for dissecting the molecular mechanisms underlying human cortical GABA interneuron development. It can also be applied to the generation of nearly pure cortical GABA interneurons from human iPSCs with specific pathological traits, thus facilitating the development of tools for disease modeling and drug discovery.
Experimental design
Our GABA interneuron differentiation procedure follows three major developmental stages (Fig. 1) . First, human pluripotent stem cells (hPSCs) are induced into primitive neuroepithelia or neural stem cells over the first 10 d (Steps 1-18; Fig. 2) . Second, the primitive neuroepithelia is patterned into ventral forebrain progenitors with the MGE feature (Steps 19-26; Fig. 3) . Finally, the MGE-like progenitors are differentiated into GABA interneurons (Steps 27-36; Fig. 3 ). The precursor cells at each of the stages are identified by characteristic morphologies, expression of transcription factors and other markers, as well as functional traits as revealed by electrophysiology (Fig. 4) . In long-term cultures, subtypes of GABA interneurons may be distinguished on the basis of their expression of transmitters and other molecular markers (Fig. 5) .
In the first stage, hPSCs maintained on mouse embryonic fibroblasts (MEFs) are differentiated into neuroepithelia under a chemically defined culture system for 10 d. The procedure below is essentially the same as that described in ref. 21 , with minimal modifications. The neuroepithelia show columnar morphology, often organize into neural tube-like rosettes 23 (Fig. 2b,c) and express the neuroepithelial markers PAX6, SOX1, N-cadherin, SOX2 and nestin, as well as the forebrain markers FOXG1 (refs. 24,25) . Because of the characteristic rosette morphology in the adherent culture, non-neural colonies (without rosettes) can be removed easily. The neuroepithelial differentiation in the first stage may be enhanced by using inhibitors of bone morphogenetic proteins (BMPs) and transforming growth factor (TGF)-β (ref. 26) ( Table 2) ; this leads to the culture being ready for patterning the neuroepithelia (stage 2) at an earlier time point (day 1).
The second stage is the most crucial part of the protocol. In this stage, early or primitive neuroepithelial cells are patterned to MGE progenitors by a high concentration of SHH or Pur, which activates the hedgehog pathway. Here the timing and concentration of SHH/Pur are crucial. In general, early application of SHH (i.e., at days 8-14) is required for efficient ventral patterning 19 . Even earlier SHH application is necessary when BMP or TGF inhibitors are used to enhance neuroepithelial differentiation ( Table 2) . Because the MGE is in the ventral part of the forebrain, a relatively high concentration of SHH or Pur is needed, as opposed to a medium concentration for striatal GABA neurons 13, 19 . Another important issue in this stage is to maintain the forebrain identity of the specified neural progenitors, for which the commonly used neural inducers such as retinoic acid (RA) 27 or mitogens such as FGF2 should be avoided, as they caudalize the neuroepithelia to various degrees 28 . By the end of the stage (day 25), more than 90% of the cells become NKX2.1 + and FOXG1 + MGE progenitors (Fig. 3a) . These progenitors can then be expanded, frozen or differentiated to mature GABA neurons.
The final stage is the differentiation of the MGE-like progenitors to GABA interneurons. As described above, MGE progenitors possess the potential to give rise to cholinergic (projection) neurons and GABA interneurons 19 . For this reason, we built in two simple steps in the protocol to bias the differentiation toward GABA interneurons. One is to omit the NGF in our differentiation culture medium, which is essential for the survival of cholinergic neurons 22, 29 . The other is to dissociate MGE progenitor clusters into single cells for differentiation, which is based on the consideration that the cholinergic projection neurons are generated from MGE progenitors earlier and are more vulnerable to cell dissociationinduced cell death. In addition, we apply inhibitors for cell division in order to synchronize the population of postmitotic neurons. After 2 weeks of differentiation, more than 90% of the neurons are GABA interneurons, as confirmed by immunostaining and electrophysiological analysis. Human PSC medium (hPSCM, 500 ml) Combine 390 ml of sterile DMEM/ F-12, 5 ml of NEAA, 5 ml of 100× GlutaMAX, 3.6 µl of 2-mercaptoethanol and 100 ml of KOSR in a sterile hood. Store the medium at 4 °C for up to Dissolve 220 mg of sodium phosphate monobasic and 1.22 g of sodium phosphate dibasic into 50 ml of water. Combine the two solutions and cool the mixture to room temperature (20-25 °C) . Adjust the pH to 7.3-7.4 with 1 N NaOH and HCl, filter it with a Steriflip and store the solution at 4 °C for up to 2 weeks. ! cautIon PFA is toxic; manipulate it in a fume hood. Avoid direct contact or inhalation.  crItIcal PFA solution should be cold when it is applied for the fixation of cells. PLO, 10× (1 mg ml −1 ) Dissolve 100 mg of PLO into 100 ml of sterile water. Filter the solution with a Steriflip and store it at −20 °C for up to 6 months. SHH, 500 mg ml −1 Dissolve 500 µg of SHH into 1 ml of sterile DPBS with 0.1% (wt/vol) human serum albumin or BSA for a 500-µg ml −1 stock. Divide the solution into aliquots and store them at −80 °C for up to 6 months.
MaterIals

REAGENTS
Antibodies; refer to
Initial culture plate setup Irradiate MEFs by λ-ray and plate them in a six-well plate at a density of 1.87 × 10 5 cells per well.  crItIcal MEFs vary from lot to lot, and each lot should be tested for its ability to support hPSC growth. Please visit http://www.wicell.org for specifics. EQUIPMENT SETUP PLO and laminin-coated coverslips Dilute the PLO stock solution by 1:10 in sterile water (1 ml of PLO stock in 10 ml of water). Insert one acid-etched coverslip into each well of a 24-well plate in sterile conditions. Add 75 µl of diluted PLO onto each coverslip. Be careful not to allow the solution to flow out of the coverslip, and store the plate in a 37 °C incubator overnight. On the second day, aspirate all of the PLO solution and dry the plate for ~30 min. Wash the coverslips with sterile water three times. Leave the plate in a hood until it is completely dry, and then store it at −20 °C for up to 1 month. One hour before plating neurons, dilute 25 µl of laminin solution into 1.2 ml of NDM, and place 50 µl of the diluted laminin onto each of the PLO-pretreated coverslips. Avoid spreading the solution out of the coverslip onto the edge of the well. Incubate the coverslips at 37 °C for at least 1 h before plating the cells. proceDure Induction of forebrain neuroepithelial cells from human pscs • tIMInG 10 d (days 0-10) 1| On day 0, maintain human pluripotent cells on a six-well plate containing irradiated MEFs with 2.5 ml of hPSCM containing 4 ng ml −1 of FGF2. When this hPSC culture becomes ~80% confluent, remove the old medium and add 1 ml of prewarmed dispase (1 U ml −1 ) to each well. Incubate the culture at 37 °C, 5% CO 2 for 2-5 min.  crItIcal step A uniform population of undifferentiated hPSCs is needed. Partially differentiated PSCs or heterogeneous PSC cultures will decrease the synchronized neuroepithelial differentiation.
2|
When the edges of hPSC colonies begin to curl, aspirate off the dispase.
3|
Rinse the hPSCs with 2 ml of DMEM/F12 medium gently; do not disturb the loosely attached hPSC colonies.
4| Add 2 ml of fresh hPSCM to each well.
5|
Gently swirl the plate, and then blow off the colonies with a 5-ml pipette or a 1,000-µl pipette tip. Pipette the hPSC colonies to break the detached colonies to the size of 50-100 µm.  crItIcal step Breaking down the hPSC colonies into too-small fragments will result in a lower neural differentiation rate. Avoid pipetting hPSC colonies more than five times.
6|
Collect hPSC colonies into a 15-ml tube, and centrifuge at 50g for 1 min. Alternatively, let the hPSC colonies settle by letting the tube rest for 3-5 min.
7|
Aspirate off the supernatant without disturbing the cells.
8| Rinse the cells with hPSCM.
9| Resuspend the cells with 5 ml of hPSCM without FGF2.  crItIcal step Exogenous FGF2 is not necessary for promoting neural induction, as FGFs are produced by differentiating cells 28 . FGF2 also caudalizes cells and interferes with dorsal-ventral patterning 20 , thus decreasing the efficiency of MGE progenitor induction.
10|
Transfer the cells into a T75 flask, and then add hPSCM up to 40 ml. Incubate the cells at 37 °C, 5% CO 2 overnight.  crItIcal step The exact amount of hESCM to use ranges from 25 to 40 ml, depending on the number of embryoid bodies (EBs) in one T75 flask: usually one six-well plate of hPSCs requires 40 ml of hPSCM.
11|
On day 1, hPSCs should have formed EBs (Fig. 2a) . Lay the flask at a 45-degree angle to let cell aggregates (EBs) sink to one corner. Gently aspirate off two-thirds of the medium without disturbing the spheres. Add 25-30 ml of hPSCM without FGF2. Incubate the cells for a further 24 h.
12| On days 2 and 3, repeat
Step 11, thus changing the medium every day.
13|
On day 4, use a 10-ml pipette to pipette EBs gently to remove cell debris from the surface of the EBs, and then let them settle as in Step 11. Remove the hPSCM and feed the culture with the NIM. Continue to incubate the cells for a further 3 d, feeding the culture every other day.
14|
On day 7, collect the EBs into a 50-ml tube, and then let them sink by letting the tube stand for 3-5 min.
15| Aspirate off the supernatant and add 0.5 ml of fresh NIM to prevent the EBs from drying.
16| Add 1.5 ml of NIM containing 5% (vol/vol) FBS into each well of a six-well plate.
17| By using a 200-µl pipette tip, transfer the EBs from the 50-ml tube to the six-well plate. Plate 35-50 EBs per well of the six-well plate (Fig. 2b) . Disperse the EBs evenly. Avoid swirling the plate, as it will aggregate the EBs in the center (Fig. 2b) . Incubate the culture at 37 °C, 5% CO 2 for 5-8 h until the EBs attach, but do not incubate the culture for longer than 10 h.  crItIcal step Too many EBs in one well (too high a density) will decrease the neural induction efficiency; too few EBs in one well would waste the medium, plate and morphogens, as well as increase labor cost. See the density in Figure 2b .  crItIcal step The 5% (vol/vol) FBS is intended to promote attachment of EBs. As FBS inhibits neural differentiation, do not incubate the EBs with FBS for too long. Alternatively, simply use laminin-coated plates for EB attachment.
18|
After the EBs have attached, gently remove the plate from the incubator. Remove the old medium and add fresh NIM. Be careful to add the medium from the edge of the well gently so as to avoid dislodging the attached EBs. Feed the culture with the same medium every other day until day 10, when neural rosettes should appear. ? trouBlesHootInG patterning neuroepithelia to nKX2.1-expressing MGe progenitors • tIMInG 15 d (days 11-25) 19| When neural rosettes become obvious at around day 10 during stage I differentiation (Fig. 2c) , the primitive neuroepithelia has formed. The neuroepithelia is now ready to be patterned toward regional progenitors. First, remove non-rosette colonies:
if a colony is dark, contains a cyst or contains only large flat cells 30 , mark the colony with an objective marker that is mounted in the microscope. Next, manually scrape the marked colonies using a pipette tip in the hood.  crItIcal step The presence of non-neural cells interferes with neuroepithelial induction and subsequent patterning.
20|
Aspirate off the old medium, and then add 2-3 ml (it depends on the density of rosette colonies) of NIM containing 1,000 ng ml −1 of SHH (C24II, 1:500 dilution from the stock solution) or 300 ng ml −1 of SHH (C25II, 1:1,667 dilution from the stock solution/add 6 µl of 500 µg ml −1 stock solution into 10 ml NIM). Alternatively, 1.5 µM Pur (1:6,666 dilution of the stock solution/add 1.5 µl of 10 mM stock solution into 10 ml NIM) can replace SHH from this step onward. Incubate the culture at 37 °C, 5% CO 2 for 48 h. We use a concentration of SHH or Pur selected on the basis of our previous studies 13, 19 .  crItIcal step Pur should be diluted completely in NIM first before feeding the cells.  crItIcal step There are different types of SHH (C24II, C25II) and SHH agonists (Pur). We have titrated the concentrations for each (table 1) .
21|
On days 12-16, feed the culture every other day with the same medium and procedures as in Step 20.
? trouBlesHootInG 22| On day 16, the differentiating colonies should contain neural tube-like rosettes formed by multiple layers of columnar epithelia surrounded by a ring of flat cells (Fig. 2c) . Aspirate off the old medium and add 1.5 ml of fresh NIM to each well. Gently blow off the neural tube-like rosettes with a 1-ml pipette until most of the colonies are detached.  crItIcal step Avoid pipetting too hard and repeatedly. The rosettes attach to the well loosely, whereas the surrounding flat cells adhere more tightly. Pointing the pipette tip toward the colonies will effectively blow off the colonies without much force and leave the surrounding cells attached.
23|
Gently transfer the lifted cell clusters into a 15-ml conical tube and centrifuge the cells for 1 min at 50g at room temperature. Alternatively, simply let the cell clusters settle down for 2-5 min without centrifugation.
24|
Aspirate off the supernatant. Add 10 ml of NIM containing B27 (1:50 from stock solution) and SHH (C24, 1:500 dilution from the stock solution) or 300 ng ml −1 of SHH (C24, 1:1,666.67 dilution from the stock solution) or Pur (1.5 µM).
Transfer cell clusters into a T75 flask (cells from a six-well plate may be transferred to one T75 flask). Add an additional 15 ml of the same medium to a total volume of 25 ml. Culture the cells at 37 °C, 5% CO 2 for 48 h.  crItIcal step Two to three wells of rosettes can be collected into a T25 flask with 10 ml of medium; four to six wells of rosettes can be collected into a T75 flask with 25 ml of medium. (Around 50 neuroepithelial colonies are collected from each well.)
25| On day 18, neuroepithelial cells form neurospheres (Fig. 2d) . Use a 10-ml pipette to gently pipette the spheres two or three times to remove dead cells on the surface of the spheres, and then lay the flask at a 45-degree angle to let the spheres sink to one corner. Gently aspirate off two-thirds of the medium without disturbing the spheres. Add 15 ml of the same fresh NIM at Step 24.
26|
On days 20-25, change two-thirds of the medium every other day with the same medium used in Step 24. By day 20, the differentiating cells should become MGE progenitors. This can be confirmed by plating the cells onto coverslips and carrying out immunostaining for the MGE marker NKX2.1 (Box 1). After day 20, there should be ~90% NKX2.1 + and FOXG1 + cells 13, 19 (Fig. 3a) .
? trouBlesHootInG  pause poInt The MGE progenitors can be cryopreserved at days [25] [26] [27] [28] [29] [30] . Two days before cell freezing, triturate MGE progenitor clusters into small spheres (20-50 µm of cryopreservation medium that contains 10% (vol/vol) DMSO, 30% (vol/vol) FBS and 60% (vol/vol) NIM. Place the cryopreservation vial in a cryopreservation container; condition the container at −80 °C overnight before transferring the vials to a liquid nitrogen tank.
Differentiation of MGe progenitors to GaBa interneurons • tIMInG 20 d (days 26-45) 27|
On day 26, collect MGE progenitor spheres into a 15-ml tube. Spin the tube down for 1 min at 50g at room temperature. Aspirate off the supernatant, add 1 ml of TrypLE to resuspend the spheres, and then incubate the mixture for 2-4 min at 37 °C until the spheres become loose.
28|
Spin the tube at 50g for 1 min at room temperature. Aspirate off the supernatant, and then add 5 ml of NIM to wash the spheres.
29| Repeat
Step 18 once.
30|
Aspirate off the supernatant, add 1 ml of NDM containing 1 µM cAMP (1:1,000 dilution of stock solution), 10 ng ml −1 BDNF, 10 ng ml −1 GDNF, 10 ng ml −1 IGF1 (all are 1:10,000 dilution of stock solution), and then gently pipette the spheres three or four times. The addition of the neural trophic factors will support neuronal survival and maturation. See Figure 6 for information on pipetting MGE-like neurospheres.  crItIcal step Avoid pipetting the spheres too harshly.
31| Take 10 µl of the cell suspension, mix it with the Trypan Blue solution at 1:1 and count the cell numbers.
32|
Plate 10,000 live trypan blue-negative cells in 50 µl of the NDM onto a PLO-and laminin-pretreated coverslip. Move the plate(s) gently to the incubator, and then culture the cells at 37 °C, 5% CO 2 for 3-4 h. Do not disturb or touch the plate until the cells have attached.  crItIcal step Do not plate progenitors at a density higher than 10,000 cells per coverslip. High density inhibits progenitors from differentiation and maturation.  crItIcal step Alternatively, neural spheres can be directly plated on the PLO-and laminin-coated coverslips. In this case, the GABA interneuron differentiation rate (~60-70%) will be lower than the plated single cells (~90%) because of the persistence of progenitors in the cluster, but less cell death will occur in the culture.
33| MGE cells usually attach onto the coverslip after 3-4 h. Add 500 µl of NDM containing 1 µM cAMP (1:1,000 dilution of stock solution), 10 ng ml −1 BDNF, 10 ng ml −1 GDNF, 10 ng ml −1 IGF1 (all are 1:10,000 dilution of stock solution) and compound E (1:10,000 dilution from stock solution) to each well.  crItIcal step The fresh medium includes compound E to inhibit cell division. The application of compound E will synchronize cell differentiation 31 .  crItIcal step Add NDM to the well gently and slowly from the side in order to avoid blowing off the adherent cells.
34|
Change half of the same medium used in Step 33 every 3 d.
35|
Continue to incubate the cells, replacing half of the medium twice a week with the NDM containing 1 µM cAMP, 10 ng ml −1 BDNF, 10 ng ml −1 GDNF and 10 ng ml −1 IGF1, but without compound E.  crItIcal step Compound E is intended for stopping cell proliferation; it is needed only once (3 d). If there is obvious cell proliferation, compound E may be extended for 1 week.~1 Flame the end of a cotton-filtered Pasteur pipette to round the edges and narrow the opening to about 0.2-0.5 mm in diameter. Flame the narrow part of the shaft to introduce a 15-20° smooth curve. Rinse the pipette wall with the culture medium three times. Pipette neuroepithelial clusters using the treated Pasteur pipette by pulling the cells in and push them out one or two times. The narrow opening and bend in the pipette will help shear the clusters into smaller pieces of a roughly uniform size. Do not triturate more than three times.
36| By day 35, more than 90% of cells should be neurons, which are βIII-tubulin + . Half of the neurons should be GABA + , which coexpress the MGE marker NKX2.1 (Fig. 3b) . At day 45, 90% of the neurons should be GABA + (Fig. 3c) . If desired, at the 10th week, perform electrophysiological recording using whole-cell voltage clamping to assess the functional maturation of GABA neurons (Fig. 4a-e) .
Maturation of GaBa interneuron subtypes • tIMInG 40 d (days 46-85)
37| Continue culturing cells as described in Steps 36 and 37 for a longer time period to discern GABA interneuron subtypes.
? trouBlesHootInG Troubleshooting advice can be found in table 4. See Figure 6 for an illustration of the Pasteur pipette technique for triturating MGE-like neurospheres.
• tIMInG 
antIcIpateD results
In the first stage, cells are grown as EBs and then adherent colonies (Fig. 2a-c) . At the end of the first stage (Steps 1-18), usually over 90% of the colonies contain neural rosettes and at least 90% of the cells are PAX6-expressing neuroepithelial cells. As no inducers, inhibitors or morphogens are involved in this stage, it is ideal for dissecting the effects of exogenous factors on the earliest phase of neural differentiation. The weakness of this part of the protocol is that it does require undifferentiated hPSCs as a starting material as well as healthy and even-sized EBs (Fig. 2a) , which can be difficult for a novice. One alternative is to use inhibitors of BMP and TGF, which will enhance neuroepithelial differentiation and also speed up the process 26 . The downside of the dual inhibitor protocol is its influence on multiple signaling pathways, thus interfering with subsequent regional patterning by morphogens. Earlier application of SHH or Pur can partly overcome this problem.
The primitive neuroepithelial cells from the first stage of culture are extremely sensitive to morphogens, with an exquisite dose-dependent response to Pur or SHH 13 . We expect 90% of the cells to be NKX2.1 + MGE (Fig. 3a) progenitors by 3 weeks of differentiation from hPSCs (days 20-25) without any cell sorting. An overwhelmingly common practice in the field is to expand the neural progenitors with mitogens, such as FGF2, during this stage. Expansion of neural progenitors with FGF2 often caudalizes early progenitors, thus decreasing the efficiency of forebrain GABA neurons or other forebrain neurons.
GABA interneurons in the forebrain comprise many different subtypes, and they are born over a long period of time 1 . Once the MGE progenitors are subjected to differentiation, especially in the presence of inhibitors of cell division, GABA neurons are observed as early as 3 d after plating. We expect that by day 45 almost all the cells are neurons and over 90% of the neurons are GABA + neurons (Fig. 3c) . We found that the cell capacitance was 27.22 ± 5.53 pF (n = 12 patched neurons, data are presented as means ± s.e.m.), and that resting membrane potential was 47 ± 6 mV (Fig. 4a) . GABA neurons showed both inward Na and outward K currents (Fig. 4c) , indicating the maturation of Na and K channels and resulting in the occurrence of action potentials upon current injection (Fig. 4d) . Notably, we observed spontaneous GABA release events in (Fig. 6) 
